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5 Nuclear dating
Aim: To understand the past is instrumental for predicting the future. Therefore, dat-
ing of objects – be they from human activities or from nature – is of prime interest in
science. Radionuclides are the most useful tool to tackle this problem. Their half-lives
may be used as a clock to measure elapsed time. However, a number of conditions
have to bemet for proper application of such datingmethods. Our environment is rich
in radionuclides, mostly of natural origin but partly also from anthropogenic sources
such as nuclear weapons testing or from nuclear accidents. This chapter summarizes
applications of such radionuclides for dating purpose.
Special emphasis is given to radiocarbon, 14C. Formanyapplications this radioiso-
tope of carbon is the most important dating radionuclide that enables to cover time
horizons from the present until about 60 000 years ago. The use of parent/daughter
systems is described as well.
Two other short sections address dating via stored signals in the samples from
radioactive transformation. These are ﬁssion track and thermoluminescence dating.
5.1 Introduction
Knowledge on the age of important objects e.g. of archeological or geological origin,
environmental archives, or of our Earth and the solar system or even an object from
space such as meteorites, is of great interest to mankind. This interest is based on the
public understanding that present and future development can only be understood
on the basis of historic information.
Until the discovery of radioactivity in 1896 by Becquerel it was essentially im-
possible to tackle this problem accurately except in cases where historic documenta-
tion was accessible (e.g., debris from documented volcanic eruptions stored in envi-
ronmental archives such as lake sediments or glacier ice cores). Another example is
seasonal information preserved e.g. in accurately documented tree rings. Radioactive
transformation of nuclides contained in our environment paved theway to solvemany
of themost challenging questions about the history and birth or death ofmany impor-
tant samples or to study climate variability in the past.
The basis of nuclear dating lies in the fact that the number of atoms Ń of a given
radionuclide is correlated with time according to the well-known exponential trans-
formation law,
Ń1 = Ń0 exp {−λ (t0 − t1)} , (5.1)
where Ń1 and Ń0 denote the number of atoms at time of measurement (t1) and at time
zero (t0), respectively.
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This equation may be transformed into
t0 − t1 = ∆t = 1λ ln (Ń0/Ń1) , (5.2)
which yields the age ∆t.
The transformation of a given radionuclide is essentially not altered by environ-
mental inﬂuences such as chemical speciation, temperature, pressure or other phys-
ical parameters. The transformation constant λ therefore acts as an absolute clock.¹
Radioactivity Ámay be quantiﬁed either bymeasuring the radioactive transformation
rate (radiometric method, cf. Chapter 1) or by determining the mass of the nuclide of
interest (mass spectrometry, cf. Chapter 4) to obtain the number of atoms. Both quan-
tities are correlated via
Á = λŃ . (5.3)
As a rule of thumb, for short-lived radionuclides with half-lives lower than about
100 years it is advisable to perform a radiometric analysis and for nuclides with
longer half-lives a mass spectrometric determination. The reason for this time limit
is the achieved sensitivity: for short-lived radionuclides a large part of the ensemble
of atoms transforms during the measuring time, say a few days at most. This yields
an accurate determination of the activity because radiometric analysis may be per-
formed with very high counting efficiency. For longer-lived nuclides the sensitivity of
a mass spectrometric analysis becomes superior. Often, accelerator mass spectrom-
etry (AMS) is used for the determination of the number of atoms.² This technique
may reach overall efficiencies of a few percent and has the great advantage of being
essentially background-free. Moreover, AMS enables counting of single separated
ions with a counter placed in the focal plane, while conventional mass spectrometers
determine separated ions via electric current measurement. This latter technique is
not applicable to detection of only few ions. AMS has revolutionized dating with e.g.
the radionuclide 14C (“radiocarbon”, see below).
In principle four situations exist that are commonly applied in nuclear dating, cf.
Tab. 5.1.
The following ﬁgures illustrate the four cases using baskets ﬁlledwith sandwhere
every sand corn represents one atom.
1 Except radionuclides transforming by electron capture, i.e. atoms that undergo a nuclear trans-
formation via capture of an atomic electron. Such a process is slightly inﬂuenced by the chemical
environment, cf. Chapters 7 and 11 of Vol. I. One example that has been studied in detail is the in-
ﬂuence of chemical composition on the transformation of 7Be, a radionuclide quite abundant in the
atmosphere. This inﬂuence is even larger for nuclei traveling in space. Due to their high velocity such
atoms are highly stripped, meaning that they exist only in form of highly positively charged ions with
very few if any electrons. Clearly, this inﬂuences the probability to capture an atomic electron by the
nucleus and changes the radioactive transformation probability signiﬁcantly.
2 Cf. Chapter 4 on Radionuclide Mass Spectrometry.
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Tab. 5.1: Principle situations commonly applied in nuclear dating.
Approach Example
radionuclide
Example application
Transformation from an equilibrium situation 14C radiocarbon dating
Accumulation of a daughter nuclide 222Rn dating applied in hydrology
Transformation from a single event injected
into the environment
3H dating of ice cores with maximum
deposition in the years 1962–1963
from nuclear weapons testing
Exposure age dating 10Be age determination of surface rocks
5.1.1 Equilibrium situation
In the equilibrium situation a basket is continuously ﬁlled with sand while, simul-
taneously, the basket loses sand corns (resembling atoms) via a leak at a rate that
corresponds to the ﬁlling rate (see Fig. 5.1). Therefore, the sand level in the basket is
constant (equilibrium level). If, at a given time, the supply of sand is stopped,meaning
that the object is disconnected from the continuous supply, the level of sand starts to
lower according to the leaking rate. This leaking rate resembles the transformation
constant λ of the radionuclide. From knowing the equilibrium level at time zero (t0)
and the level at present time (t1) the elapsed time ∆t since the disconnection from
supply can be determined using eq. (5.2). Here, Ń0 means the number of sand corns,
i.e. the number of atoms of the radionuclide during the equilibrium situation and Ń1
the present number. A typical example of such a situation is radiocarbon dating.
5.1.2 Accumulation dating
The situation for accumulation dating is depicted in Fig. 5.2. Two baskets are con-
nected via a tube. At time zero basket two is empty (or has a known level). As time
elapses, basket one is leaking at a constant rate, resembling the transformation con-
stant of the radionuclides contained in basket one. This leads to a gradual ﬁlling of
basket two. Hence, with this method, the leaking time is determined from the mea-
sured accumulation in basket two at present – if needed corrected for the level at time
zero – divided by the leak rate from basket one. This type of dating is frequently used
in geology, e.g. using the 40K | 40Armethod. In special cases, basket number 2may also
leak, because the species accumulated inbasket two is not stable but radioactive. Such
a case is the 222Rn dating applied in hydrology.
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Fig. 5.1: Dating from an equilibrium state. Left side: equilibrium situation at time zero, t0. The radio-
nuclide is constantly produced at a rate which is equal to the transformation (i.e. loss) rate. Right
side: situation at “present time”. The radionuclide is no longer produced and transforms according
by its half-life.
Fig. 5.2: Accumulation dating. Left side: at time zero (t0) the lower basket has zero or a known ﬁll-
ing. Right side: at “present time” the lower basket is partly ﬁlled due to transformation from the
upper basket. It is possible that also the lower basket has a “leak”, i.e. is radioactive.
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5.1.3 Decay from a single event
Decay froma single eventmeans that due to an “injection” of a radioactive species into
the environment, some compartments, e.g. the atmosphere, have been enriched with
this radionuclide. By measuring the radioactivity at present and knowing the activity
at time of injection, the elapsed time may be deduced. This situation is reﬂected in
Fig. 5.3. A typical example for this situation is tritium dating using the well-known
release (“injection”) of this radionuclide into the stratosphere by nuclear weapons
testing in the early 1960s.
Fig. 5.3: Decay of a radionuclide injected into the environment.
5.1.4 Exposure age
Finally, exposure age dating uses the fact that radioactive nuclides are formed in sam-
ples from the Earth’s surface because they are exposed to high-energetic primary and
secondary cosmic ray particles.³ Cosmic rays in space are predominantly protons that
travel with very high velocities, i.e. high energies. Such cosmic rays and secondary
particles (neutrons or myons) formed via interaction with the atmosphere – mainly
nitrogen, oxygen and argon –may interact at the Earth’s surface with rocks or soil. As
a consequence, radioactive nuclides are formed. This means that from the measured
amount of such produced radionuclides in the sample and assuming that the amount
was zero at time zero (i.e. at a time where the surface was not yet exposed to cosmic
rays but covered by a layer of e.g. soil or ice), the time interval since removal of the
cover layer may be deduced. This situation is presented in Fig. 5.4. A typical example
is exposure age determination of surface rocks by measuring 10Be or 26Al.
3 Cf. Chapter 2 for the origin and impact of cosmic rays.
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Fig. 5.4: Exposure age dating. At time zero (t0) production
of a radionuclide in the sample starts from zero.
5.1.5 Basic assumptions relevant in nuclear dating
All nuclear dating applications are based on the assumptions listed in Tab. 5.2.
Tab. 5.2: Basic assumptions relevant in nuclear dating.
1 The number
of atoms
at time zero, Ń0,
must be known.
Quite often this prerequisite is not fully met. An example is 210Pb dating.
Usually, the equilibrium situation in the past is assumed to be reﬂected
in constant activity concentration in precipitation or the deposition rate
of 210Pb per year at a given site to be constant (see text).
2 The system
to be dated
must be closed.
This means no physical or (geo)chemical processes have changed the sam-
ple in such a way that the radionuclide used for dating has been subjected
to such processes.
3 The source
of the sample
is well deﬁned.
Especially in hydrology, water samples quite often represent mixed sources.
Such a situation may yield wrong average ages, especially if only one radio-
nuclide is used for dating. Similarly, exposure age determinations with
additional surface erosion of the samples may falsify the result.
Let usﬁnally brieﬂy touchon the reliability of adeterminedagewithagiven technique,
being it radiometric or via mass spectrometry. Two terms are usually used to quan-
tify the quality of the result: accuracy and precision. Accuracy describes the degree of
agreement betweenmeasured and true age of a sample, while precision describes the
statistical uncertainty of a measurement, usually deﬁned by the number of detected
events or atoms.
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5.2 Environmental radionuclides
Nuclear dating uses radionuclides fromour environment. Figure 5.5 depicts all classes
of “environmental radionuclides” plottedwith their half-life against themass number
of the nuclides. Only those radionuclides are identiﬁed with symbols that are rele-
vant for nuclear dating application. They may be classiﬁed according to their origin,
cf. Tab. 5.3.
Of primordial origin are those radionuclides that were formed in space and partly
survived since the birth of our solar system 4.55 ⋅ 109 years ago.
Radiogenic radionuclides are members of the natural transformation chains,
hence rather short-lived radionuclides compared to the age of the Earth. They are
constantly formed via radioactive transformation of the primordial radionuclides,
235,238U and 232Th, respectively.
Cosmogenic radionuclides are formed by interaction of primary (mostly protons)
or secondary (mostly neutrons or myons) particles in the upper atmosphere or on the
Earth’s surface.
Fission nuclides are formed in nuclear ﬁssion processes, mostly of anthropogenic
origin. This includes nuclear reactors as well as debris from nuclear weapons testing.
In ultratrace amounts, natural ﬁssion products also exist on Earth formed via interac-
tion of neutrons with natural uranium or from spontaneous ﬁssion of 238U.
Activation products are formedmainly at nuclear facilities via interaction of emit-
ted particles such as neutrons with stable nuclides in close vicinity. An example is
atomic number (Z) 
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Fig. 5.5: Radionuclides in the environment of different origin as a function of their half-life.
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Tab. 5.3: Environmental radionuclides classiﬁed by origin.
Origin Explanation Examples
Primordial Produced during element synthesis in our galaxy but having
sufficiently long half-lives to still exist in part now
Actinides in nature:
235,238U, 232Th
Radiogenic Formed in radioactive transformation of primordial radio-
nuclides
226Ra, 210Pb
Cosmogenic Produced in the interaction of high-energy cosmic ray
particles (e.g. protons) with atmospheric constituents
(e.g. nitrogen)
14C, 10Be
Fission Formed in spontaneous ﬁssion of actinide nuclides,
released by nuclear facilities or in nuclear bombs
137Cs, 131I
Activation Produced in nuclear reactions with particles
(mostly neutrons) emitted in nuclear power plants
14C
Breeding Formed in nuclear reactions (e.g. with neutrons or heavy ion
particles) with actinides
Plutonium isotopes
radiocarbon, formed from atmospheric nitrogen by interaction with neutrons emitted
from nuclear reactors in the 14N(n,p)14C reaction.
Breeding means that radionuclides which are not abundant in nature, i.e. iso-
topes of all elements with atomic numbers higher than 92 (uranium) are formed in
nuclear reactions. Artiﬁcial radioelements currently exist up to atomic number 118.⁴
Someof those radionuclides are also formed in nuclear explosions andhave thus been
distributed globally, such as the plutonium isotopes 239Pu and 240Pu, respectively. An-
other isotope of plutonium, 238Pu is frequently used for electric supply in satellites. By
accidental failure of a few satellites, 238Pu has been deposited on the Earth’s surface
at the site of impact.
5.3 Dating with a single radionuclide
Most applications based on the detection of one radionuclide rely on the equilibrium
situation, see Fig. 5.1. By some mechanism the radionuclide of interest is formed at
a constant rate or at least at a documented rate during the time interval to be dated.
This enables a determination of the number of atoms or of the activity at time zero, i.e.
Ń0 or Á0, respectively. A special case is exposure age dating. Here, the radionuclide
has zero concentration at time zero and is then formed when the object to be dated
is exposed to cosmic rays. A summary of radionuclides discussed in this chapter is
compiled in Tab. 5.4.
4 Cf. Chapter 9
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Tab. 5.4: Dating with a single radionuclide.
Radionuclide Half-life in years Typical application
14C 5730 Dating of carbon containing objects over 60 000 years
210Pb 22.3 Accumulation rate determination of lake sediments, or ice cores
over two centuries
32Si ≈140 Accumulation rate determination of sediment cores or ice cores
over about one millennium
10Be 1.5 ⋅ 106 Accumulation rates of rocks; indirect dating of archives based
on chronology of solar activity
26Al 7.1 ⋅ 105 Accumulation rates of rocks
36Cl 3 ⋅ 105 Dating of archives over about one million years; dating of mod-
ern archives based on 36Cl injection by nuclear weapons testing
5.3.1 14C (radiocarbon) (t½ = 5730 years)
Radiocarbon is a cosmogenic radionuclide. As shown in Fig. 5.6, it is mainly produced
in the upper stratosphere by interaction of thermal neutrons formed as secondary
particles from primary cosmic rays (mostly protons) with nitrogen according to the
nuclear reaction 14N(n,p)14C. The 14C atoms are instantaneously oxidized to 14CO and
in a slower process to 14CO2. Due to long residence times of CO2 in the stratosphere
and a slow exchange rate between stratosphere and troposphere, latitudinal differ-
ences of 14C production are balanced. This results in a practically constant supply of
14CO2 to the troposphere. Again, long residence times lead to a complete spatialmixing
of 14CO2 in the troposphere within each of both hemispheres, before it is transferred
to the biosphere by photosynthesis or to the marine hydrosphere by bicarbonate dis-
solution. Consequently, living plants and higher organisms consuming such plants
contain carbon on the contemporary radiocarbon level, cf. Fig. 5.1, left. After their
death, “fresh” carbon 14C is no longer taken up so that the radioactive clock “starts
ticking” with the half-life of 5730 years, cf. Fig. 5.1, right. This allows dating of organic
or carbonaceous material up to 60000 years.
Although the stability of CO2 in the atmosphere results in equilibration of spatial
14C activity concentration, residence times are not long enough to eliminate tempo-
ral variability of 14C production. Such variability occurs periodically on short to long
timescales (i.e., 10 to 10 000 years) and may amount to 0.5% to more than 10%, re-
spectively. As explained above, 14C is produced practically exclusively from galactic
cosmic rays. Studies of meteoroids revealed that the energy spectrum and the ampli-
tude of the interstellar galactic cosmic rays have been constant over the past million
years. Actually, changes in the 14C production rates are caused by two phenomena,
the solar cosmic rays and the magnetic ﬁeld of the Earth. Both components counter-
act the galactic cosmic ray intensity thus modulating the impact of the latter to the
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Fig. 5.6: Formation and distribution of natural 14C; adapted from (Currie 2002).
Earth’s atmosphere.⁵ This leads to decadal up to centennial wiggles, which stem from
solar cycles of different frequency.⁶ Additional wiggles on timescales of millennia to
tens of millennia are caused by changes of the Earth’s magnetic ﬁeld inducing maxi-
mum differences of production rates in the order of > 10%.
In early years of radiocarbon research (i.e. from the 1950s to the 1980s), gas pro-
portional counters (and later liquid scintillator counters, LSC)were employed formea-
surement of the radioactivity of 14C. Since 1977, accelerator mass spectrometry (AMS)
has been increasingly used andhas become themain technique for 14C dating today. In
5 A weak sun emitting cosmic rays of reduced ﬂuence on the one hand or a weak magnetic ﬁeld of
the Earth on the other hand (both compared to average conditions) are less able to repel the high-
energetic charged particles of intergalactic origin. This results in an enhanced 14C production in the
upper stratosphere.
6 The Schwabe cycle with a periodicity of ≈ 11 years leads to an average difference of 14C production
between an active and aweak sun of about 5‰,whereas the Gleissberg and the DeVries cycles with
a periodicity of 90–200 years inﬂuence the variability of the radiocarbon production by about 25‰,
respectively.
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AMS, 14C ismeasured together with the stable carbon isotopes 12C and 13C quasi simul-
taneously in order to achieve high precision and accuracy of measurement reaching
values of 3‰ or even better. Consequently, measurement results are given as 14C/12C
ratios, which are related to the “present” level. The term F 14C (fraction of modern
radiocarbon) is deﬁned as:
F 14C = (14C/12C)sample(14C/12C)modern (5.4)
Equation (5.4) includes several conventions such as:
1. The year 1950 is considered as the reference year of all radiocarbonmeasurements
thus indicating the “present” or “modern” reference. Therefore, “before present”
(oftenabbreviatedasBP)denotes a timebefore 1950and“percentmodern carbon”
(often abbreviated as pMC) indicates the percentage of (14C/12C)sample related to
the reference isotopic ratio of modern radiocarbon, i.e. to 100 ⋅ F 14C.
2. (14C/12C)modern is deﬁnedby convention from referencematerials supplied byNIST
(National Institute of Standards and Technology from the US Department of Com-
merce).
3. Isotopic fractionation processes of the three isotopes of carbon may occur either
in nature during each chemical or physical transformation within the carbon cy-
cle,⁷ in the laboratory during sample pretreatment but also during AMS analysis.
In order to correct for such isotopic fractionations, all radiocarbonmeasurements
are related to a reference 13C/12C isotopic ratio based on the assumption that frac-
tionations of 14C/12C (either in nature or in the laboratory) can be quantiﬁed as
twice the deviation of the 13C/12C ratio from the reference value.
The conventional 14C age ∆t is deﬁned as
∆t = − ln (F 14C) ⋅ 8033 years , (5.5)
where 8033 years represents the mean lifetime τ(= λ−1 = t½/ ln 2) based on the “old”
14Chalf-life of 5568 years as determined in the 1950s.Although thenew, correct value is
5730 years, the “old” half-life is still used to guarantee consistency between old pub-
lished and new data. It therefore follows that the conventional 14C age only reﬂects
a ﬁrst order estimation of the age of a sample based on the wrong assumption of a
constant 14C production and applying an incorrect 14C half-life. The correct 14C age of
a sample is then deduced after comparison of the conventional 14C age with a calibra-
tion curve. A large effort has been made with radiocarbon analysis of environmental
material that was independently dated with other techniques.
7 Every physical or chemical process with carbon-containing compounds leads to a slight but sig-
niﬁcant change in the isotopic composition of its isotopes (i.e. 12C, 13C, 14C). The reason is the mass
dependence of equilibrium constants.
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By comparison of the 14C result with the independent (calendar) date, the radio-
carbon formation at a given time has been quantiﬁed leading to a calibration of the
conventional 14C age, Fig. 5.7. Tree rings have been used for the preparation of the
calibration curve back to 11 950BC. The independent dating was performed with den-
drochronology. This method enables dating of trees by determination of their ring
widths and by combination of overlapping tree-ring chronologies. For the Northern
Hemisphere, this technique cannot be continued further back in time due to a lack of
suitable trees at the conclusion of the last glacier maximum.
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Fig. 5.7: Conventional radiocarbon age in years before present (BP) vs. true age.
In order to continue calibration back to ≈ 60000 years, other environmental archives
have been used such as marine as well as lake sediments, marine corals or speleo-
thems.⁸ The independent dating of these samples has been performed with the
230Th | 234U method (see below) and other approaches, which, however, are less
precise than dendrochronology. Calibration of the conventional 14C age of a sam-
ple is achieved by convolution of the measurement result with the calibration curve.
The calibration procedure increases the dating uncertainties substantially as a con-
sequence of the measurement of the calibration curve itself and of ambiguities of the
calibration curve from variable 14C production. Therefore, probability distributions
of the calibrated 14C age are not Gaussian – as those of the conventional 14C age are.
In some cases, it may be possible that two or even more probable periods for the
calibrated date occur with unlikely periods between them. A famous example which
8 Speleothems are stalactites and stalagmites often found in caves.
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Fig. 5.8: Radiocarbon age in years before present (BP) vs. calibrated age in years before Christ (BC)
for the Ötzi iceman. The measured value for the radiocarbon age was 4550 ± 19 years BP (red distri-
bution on y-axis). From the calibration curve (blue curve) it follows that within uncertainty several
true ages are possible (green probability distributions on x-axis) between 3365BC and 3119BC;
adapted from (Bonani 1994).
yieldedunexpected dating uncertainty is the 14C age determination ofÖtzi, the iceman
found 1991 in the Italian Alps. The 14C measurement resulted in ambiguous solutions
for the calibrated date with three possible ages, covering roughly two centuries (see
Fig. 5.8).
In many geochemical applications the absolute age of a sample is of minor im-
portance, whereas the deviation of the 14C level compared to the ﬁrst-order model of
constant 14C production is very helpful, as this indicates processes such as the solar
and geomagnetic impact on 14C production or reservoir effects. An example is carbon
storage in an environmental compartment. For such cases ∆14C is deﬁned as
∆14C = (F 14C exp [1950 − t08267 ] − 1) ⋅ 1000‰ , (5.6)
where t0 is the year of origin of the sample and 8267 represents the mean lifetime
in years based on the correct 14C half-life of 5730 years. With the exponential term, a
transformation correction is performed according to the age of the sample and based
on the assumptions and conditions of eqs. (5.4) and (5.5), respectively. Therefore, all
samples meeting these requirements give ∆14C = 0‰ irrespective of their true age of
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origin. Positive or negative ∆14C values indicate deviations of the reference conditions,
cf. Fig. 5.9, which may be caused by (a) variability of 14C production, (b) age offsets
due to reservoir effects (these additional ages lead only to negative ∆14C values), or
(c)manmade emissions of 14C from surface nuclear bombexplosions or of 14C depleted
material from combustion of fossil fuels (which contain no 14C), respectively.
calendar year 
Fig. 5.9: ∆14C during the last 10 000 years vs. the true age; adapted from (Stuiver 1986).
As already pointed out, 14C can be determined by two fundamentally different tech-
niques. Whereas radiometric techniques such as liquid scintillation or gas propor-
tional counters measure radiocarbon via its radioactive transformation, i.e. Á(14C)
by means of the emitting beta particle, accelerator mass spectrometry (AMS) detects
the number Ń of 14C atoms based on mass separation in magnetic and electric ﬁelds
followed by an energy determination in gas ionization chambers (for details see Chap-
ter 4). This fundamental difference has a substantial effect on the detection efficien-
cies. For a given number Ń(14C), the efficiency of transformation counting is limited
by the ratio of measurement time and half-life of the nuclide. Efficiencies in the or-
der of 10−5 are reached for 14C analysis if counting of the samples is restricted to not
more than a few days because only very few atoms out of the entire ensemble trans-
form during such a time period. Mass spectrometry of long-lived radionuclides does
not depend on this restriction so that only its efficiencies of ionization, transmission
and detection are relevant, which can be as high as 10% for 14C-AMS. This results
in a gain in detection efficiency between AMS and radiometric detection by a factor
of about 104. Consequently, required sample quantities can be reduced from gram
amounts for counting techniques to submilligram amounts for AMS, which entails
a considerable beneﬁt for dating of valuable samples.
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5.3.2 210Pb (t½ = 22.3 a)
210Pb is a granddaughter type member of the natural 238U parent transformation se-
ries.⁹ 210Pb has a half-life of 22.3 years and transforms by β-emission to 210Bi, which
has a half-life of 5 days and again transforms via β-emission to 210Po (t½ = 138.4 d),
cf. Fig. 5.10. The β-transformation of 210Pb populates an exited state of the β-emitter
210Bi. This nuclear level de-excites via emission of a γ-ray of 46 keV energy to the
ground state. However, this transition is highly converted which means that only in
4% of transformations is a photon with this energy emitted and in 96% of transfor-
mations an atomic electron. Decay continues then via α-emission with an energy of
5.3MeV to the stable end product of the 238U transformation series, 206Pb.
The time interval accessible to 210Pb dating is typically one to two centuries at
most. It is therefore often applied in studies where environmental archives are in-
vestigated covering the industrial time period. Therefore, most applications of this
radionuclide intend to study pollution records caused by industrial emissions in ap-
propriate archives (e.g. ice cores) or to determine accumulation rates during the last
century in lake sediments.
210Pb 
22.3 a 
β- 
210Bi 
5.0 d 
β- 
210Po 
138.4 d 
α 
222Rn 
3.8 d 
α 
238U 
138.4 d 
α 
aerosol 
particles 
soil 
Fig. 5.10: Origin and fate of 210Pb in the atmosphere. 222Rn, formed in soil via transformation of
238U, is emanating into the atmosphere. After further transformation, generated 210Pb attaches to
aerosol particles which are scavenged by precipitation and deposition onto to the Earth’s surface.
210Pb further transforms via short-lived 210Bi to 210Po and ﬁnally to stable 206Pb.
9 Natural series of transformation are discussed in Chapter 3 of Vol. I.
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Based on the rather short half-life of 210Pb it is advisable to measure it via radiometric
techniques and not via mass spectrometry. Three options exist to determine the 210Pb
activity concentration (i) β-counting of 210Pb and/or 210Bi, (ii) γ-counting of 210Pb, and
(iii) α-counting of the granddaughter 210Po.
β-counting has not found widespread application, despite being very sensitive
and of high precision. The reason is the high radiochemical purity of the sample
needed prior to measurement. Since β-counting (e.g. using gas proportional or liquid
scintillation counters) is not nuclide-speciﬁc, a sophisticated chemical puriﬁcation
of the sample is mandatory to suppress any contamination by the vast amount of
environmental radionuclides that also transform via β-emission. Such a separation
procedure is very time consuming.
If the sample has a sufficiently high 210Pb activity, γ-counting is the method of
choice. This situation is often met when analyzing sediment samples. Unfortunately,
for determination of 210Pb in precipitation, the sensitivity achieved in γ-counting is
not sufficient for reasonably sized volumes, say 1 liter. In this case, 210Pb is usually de-
termined via detection of 210Po. This method, however, requires secular equilibrium¹⁰
between the three radionuclides 210Pb, 210Bi, and 210Po, respectively. This is reached
after about one year. Advantage of this radiometric technique is the high sensitivity
because α-counting yields energy-resolved data at a 100% counting efficiency of the
used silicon detectors. The overall efficiency is then only determined by geometrical
parameters, i.e. the size of the detector facing the sample.
210Pb dating is frequently applied for lake sediments and glacier ice. Figure 5.11
depicts such a dating of a sediment core from Lake Zürich, Switzerland. Also inserted
into the ﬁgure are measurements of 137Cs, a radionuclide formed in nuclear ﬁssion.
This radionuclidewasglobally distributed fromnuclearweapons testingduringSoviet
Union and USA tests peaking in the years 1962–1963. The 210Pb activity concentrations
depicted in Fig. 5.11 are not the total but the so-called “unsupported” activities. Since
sediment materials contain 238U, 210Pb is constantly formed via nuclear transforma-
tion. This “supported” 210Pb has therefore to be subtracted from the measured total
210Pb activity concentration. This is usuallymade bymeasuring the 210Pb activity con-
centration in very deep samples, which are too old for 210Pb dating. This value is then
considered as the “supported” 210Pb activity concentration and is subtracted from all
measured values to yield the values for “unsupported” 210Pb. From Fig. 5.11 it is evi-
dent that at the surface of the sediment the 210Pb activity concentrations are nearly
constant down to a depth of about 1.5 g/cm2. From the 137Cs measurement this depth
can be dated to be roughly 1963. The explanation for this inconsistency between 137Cs
and 210Pb data comes from a process often observed in lake sediments: biogenic per-
turbation (bioturbation). Microorganisms are actively mixing organic material until a
certain depth, which inﬂuences the surface proﬁle of 210Pb. It is interesting to note
10 See Chapter 3 in Vol. I for mathematical aspects of radioactive equilibria.
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that 137Cs, which is predominantly attached to clay minerals, is not inﬂuenced by
this process. The right axis of Fig. 5.11 depicts the combined age information from
the 137Cs and the 210Pb measurements. From the age-depth relationship an average
annual mass sedimentation rate of about 50mg/cm2 can be deduced.
It should be mentioned that analysis of the data depicted in Fig. 5.11 assume a
constant initial concentration (CIC model) of unsupported 210Pb. This means that the
sediment core is assumed to have a constant sedimentation rate with always the same
initial 210Pb activity concentration. If, however, for the time period under study the
sedimentation rate changed, then such an assumption is incorrect. It is then advisable
to assume constant rate of supply (CRS model), meaning that the annual deposition
rate of 210Pb is constant at variable sedimentation rate. As a consequence, for years
with lower than average accumulation rates the activity concentrations are higher and
vice versa. For a detailed description of 210Pb in sediment dating using the twomodels
and a combination of both, see Appleby (2008).
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Fig. 5.11: 210Pb activity concentrations as a function of depth for a sediment core from Lake Zürich.
Also shown is the activity of 137Cs from nuclear weapons testing (Erten 1995).
Figure 5.12 illustrates the 210Pb activity concentration along an ice core drilled on Colle
Gnifetti, Switzerland (saddle at 4450m above sea level). Since ice contains negligible
amounts of mineral dust as a source of “supported” 210Pb, no corrections are needed.
Hence, the data shown represent the measured values. From the radioactivity distri-
bution along the ice core the age depicted on the right axis may be deduced.
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Fig. 5.12: 210Pb activity concentrations along an ice core from the Colle Gnifetti at 4450m above
sea level, Swiss Alps.
5.3.3 32Si (t½ ≈ 140 a)
32Si is produced in the upper atmosphere via interaction of cosmic rays with the ar-
gon isotope 40Ar in the spallation reaction 40Ar(p,2αp)32Si. As a nonvolatile product it
attaches to aerosol particles and is transported within about one week to the Earth’s
surface, where it is deposited mostly by wet precipitation.
32Si has a half-life of about 140 years.¹¹ 32Si would be an ideal tool to date samples
in the range between one century and one millennium, hence between the optimum
dating ranges of 210Pb and 14C. However, besides the poorly known half-life, there are
several drawbacks that have prevented such applications so far. The activity concen-
tration of 32Si in air is very low, because 40Ar is a minor component of ambient air
(0.9%). Thismeans that a radiometric determination of 32Si requires large sample vol-
umes, e.g. about one ton of water. Typical values of 32Si activity concentrations in one
ton of precipitation (or snow) are a few mBq only. Therefore, in recent years attempts
were made to measure 32Si via AMS. But this approach is also limited due the fact
that silicon is very abundant in nature. In environmental samples the ratio between
the radioactive isotope 32Si and the stable isotopes of silicon, mainly 28Si with 92.2%
11 The accuracy of current literature data is still surprisingly poor. The published values range from
about 100 to 170 years
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abundance, is extremely low. Typical values are between 10−15 and 10−17.¹² One of the
very few exampleswhere 32Si datingwas successfully applied is depicted in Fig. 5.13. It
shows the 32Si (and 210Pb) depth proﬁles of a marine sediment core from Bangladesh.
Themeasurementswere performedusing radiometric technique bymeasuring the nu-
clide 32P with a half-life of 14.3 days in secular equilibrium, a high-energy β-emitter
formed in the β-transformation of 32Si. The interpretation of this study yielded a sedi-
mentation rate for the uppermost part of the core (dated with 210Pb) of 3.1 cm per year.
Below this surface layer it was much lower, 0.7 cm per year. The proposed interpre-
tation of this signiﬁcant change in sedimentation rate was that it reﬂects increased
sedimentation loads over the ﬁrst 50 years due to human activities in this area.
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Fig. 5.13: Depth age relationship of a sediment core from Bangladesh deduced from measured 210Pb
and 32Si activity concentration; adapted from (Morgenstern 2001).
5.3.4 129I (t½ = 1.6 ⋅ 107 a)
In nature two isotopes of iodine exist, 127I which is stable, and the long-lived radio-
active 129I. 129I has three different sources, (a) cosmogenic, (b) ﬁssiogenic, and (c) an-
thropogenic. Cosmogenic 129I is formed in the atmosphere via interaction of cosmic
rayswith xenon. Fissiogenic 129I is produced via spontaneous ﬁssion of 238U contained
in the Earth’s crust. Finally, nuclear weapons testing emitted 129I in considerable
amounts into the atmosphere. More recently, also reprocessing plants emitted 129I
into the atmosphere but also into the marine environment. These anthropogenic
sources surpass the cosmogenic and ﬁssiogenic sources by far. Usually 129I is de-
12 Since AMS measures the ratio between the radioactive isotope and usually a stable isotope of the
same element, a determination of 32Si by this technique is at the cutting edge of AMS technology. Only
in very pure samples, e.g. in ice samples from New Zealand glaciers or from Antarctica, has it so far
been possible to measure 32Si by AMS.
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termined in environmental samples relative to the stable 127I. Ratios are 1.5 ⋅ 10−12
for pre-anthropogenic iodine. This value can be found in oceanic water that has not
yet been inﬂuenced by anthropogenic input. Rain water in central Europe, however,
is much inﬂuenced by emissions from the reprocessing plants in Sellaﬁeld (Great
Britain) and La Hague (France). Typical isotopic ratios may be as high as 10−6.
Application of 129I for dating purpose is mostly in hydrology. Due to the long half-
life of 129I reliable dating starts at ages of severalmillion years. This includes age deter-
mination of very old aquifers assuming the inﬂuence of ﬁssiogenic and anthropogenic
129I to be negligible. Dating based on ﬁssiogenic 129Imay be applied for geothermal ﬂu-
ids. In this case, the concentration of 238U must be known as well as the transfer yield
of 129I from the 238U source to the ﬂuid. Some applications focus on detection of an-
thropogenic 129I. In these cases the samples are very young.
In all these applications, 129I ismeasuredwith highest sensitivity via AMS, relative
to the stable isotope 127I. Some applications applied neutron activation analysis as an
analytic tool. Here, 129I is determined via formation of 130I (t½ = 12.4 h) after neutron
capture at a research reactor.
5.3.5 10Be (t½ = 1.5 ⋅ 106 a)
10Be is a cosmogenic radionuclide formed in the upper atmosphere predominantly
in the spallation reactions between neutrons (secondary cosmic rays) with nitrogen
(14N(n,3p2n)10Be). This radionuclide has been used to trace variability of solar activity
back in time, because solar activity is anti-correlatedwith galactic cosmic ray intensity
(see the section on radiocarbon dating). Ice cores from Antarctica have mostly been
used as archives of this solar history. 10Be is incorporated into such ice cores via pre-
cipitation. These investigations enabled dating of periods with low solar activity such
as the Maunder minimum from 1645–1715, which is assumed to be responsible for a
climatic depression (“Little Ice Age”). Hence, this dating is based on the “ﬁngerprint”
idea: ﬂuctuations of 10Be activity concentrations in the sample over time are compared
to known ﬂuctuations of solar variability in the past.
Another fast developing application of 10Be is exposure age determination. This
application is based on the fact that the Earth’s surface is exposed to cosmic ray bom-
bardment. Though the intensity of this bombardment is very small – due to a high
absorption of cosmic rays in the atmosphere – it is still sufficiently intense to form
some radionuclides via nuclear reactions, such as 10Be in the reactions 16O(α,2pn)10Be
or 16O(μ−,αpn)10Be, respectively (see Fig. 5.14).
Therefore, based on known production rates of 10Be in a given geological surface,
the exposure age may be determined. However, one drawback in real applications is
the erosion rate. If the surface to be dated is signiﬁcantly inﬂuenced by erosion, then
the concentration of 10Be levels off after a certain time (see Fig. 5.15). At saturation,
production and erosion are in equilibrium and dating is no longer possible.
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Fig. 5.14: 10Be produced through interaction of secondary cosmic rays (neutrons or myons)
with the Earth’s surface.
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Fig. 5.15: Number of 10Be atoms formed in an exposed surface as a function of time for different
values of known surface erosion rates calculated via eq. (5.7).
154 | 5 Nuclear dating
Measured production rates in surface rock samples fromNorth America yielded about
ﬁve 10Be atoms produced per gram and year (Balco et al. 2008). To determine the
erosion rate, a second radionuclide is required because the inﬂuence of erosion on
the build-up of radioactive atoms depends on the half-life of the radionuclide. 26Al is
mostly used for this purpose (see below).
5.3.6 26Al (t½ = 7.1 ⋅ 105 a)
26Al is also a radionuclide formed on the Earth’s surface via interaction with cosmic
rays in different nuclear reactions, depending on the geological composition, e.g. in
28Si(p,p2n)26Al, or 28Si(µ−,3n)26Al, respectively. Measured production rates in surface
rock samples from North America yielded about thirty 26Al atoms produced per gram
and year (Balco et al. 2008).
26Al is often measured together with 10Be using AMS in cases where erosion is
assumed to be important. Measured exposure ages reach values of up to one million
years (Balco et al. 2008). The exposure age can then be determined from the two ra-
dionuclides 10Be and 26Al via:
Ńx = P0,x/{λx + εero/ax} (5.7)
with
Ńx number of measured atoms of x (10Be or 26Al) in the sample (atoms g−1)
P0,x production rate of species x at the surface (atoms g−1 a−1); e.g. 5 for 10Be and
30 for 26Al (see above)
λx transformation constant of species x (a−1)
εero erosion rate (g cm−2 a−1)
ax effective attenuation depth of spallation product formation for 10Be or 26Al,
respectively, in the sample (assumed to be 160 g cm−2).
Hence, eq. (5.7) has two variables, Ńx/P0,x (which is the exposure age in years) and
εero, the erosion rate.¹³
5.3.7 36Cl (t½ = 3.0 ⋅ 105 a)
36Cl is formed by cosmic rays, mostly in the atmosphere via interaction with argon
(40Ar(p,αn)36Cl) but also in nuclear weapons testing. Cosmic ray produced 36Cl has
found application as a dating tool for archives up to a few million years. Another
13 The method for dating is available under http://hess.ess.washington.edu.
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application is to use anthropogenic 36Cl production via activation of sea-salt parti-
cles from the nuclear weapons testing in the Bikini Atoll in the late 1950s (see Fig. 5.21
from Section 5.6) as a dating horizon.
36Cl is measured with highest sensitivity using AMS. Due to strong interference
of 36Cl with the isobaric stable isotope of sulfur (36S), 36Cl can only be measured with
big AMS accelerators that have a high accelerator voltage of several MV. Under these
conditions accelerated ions have high velocities (i.e. high kinetic energies), which en-
ables efficient separation of the isobaric nuclides 36Cl and 36S by a gas-ﬁlledmagnetic
separator coupled to the accelerator.
5.4 Accumulation dating with a radioactive parent
and a stable daughter
Most applications of this dating principle are in geochronology and cosmochronology,
because the half-lives of the mostly used systems are very long, reaching the age of
the solar system. Knowing the actual activity and half-life of the transforming parent
nuclide together with the concentration of the daughter nuclide (radioactive or stable)
at time zero, the age can be inferred. Table 5.5 summarizes the examples discussed in
this chapter.
Tab. 5.5: Parent-daughter dating systems for application in geochronology and cosmochronolgy as
well as in hydrology (222Rn | 226Ra).
Mother Half-life (a) Daughter Half-life (a)
238U 4.468 ⋅ 109 206Pb stable
235U 7.038 ⋅ 107 207Pb stable
232Th 1.405 ⋅ 1010 208Pb stable
87Rb 4.8 ⋅ 1010 87Sr stable
40K 1.28 ⋅ 109 40Ar stable
234U 2.455 ⋅ 105 230Th 7.54 ⋅ 105
235U 7.038 ⋅ 107 231Pa 3.276 ⋅ 104
226Ra 1.6 ⋅ 103 222Rn 3.8 days
The most important examples are the natural transformation series starting with
235,238U and 232Th and ending in the stable isotopes 206,207,208Pb. Moreover, the
40K | 40Ar and 87Rb | 87Sr systems, where radioactive 40K (t½ = 1.28 ⋅ 109 a) or 87Rb
(t½ = 4.8⋅1010 a) transform into stable 40Ar or 87Sr, respectively, are alsowidely used.
Some other systems of minor importance are 187Re | 187Os (187Re: t½ = 4.1 ⋅ 1010 a),
176Lu | 176Hf (176Lu: t½ = 3.6 ⋅ 1010 a), or 40K | 40Ca, which takes into account that 11%
of 40K transforms into 40Ar (see above) while 89% transforms into 40Ca.
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Let us denote the number of radioactive parent nuclides with Ńp and the number
of stable daughter nuclei with Ńd. Then the time dependence of the number of parent
nuclei at time t is:
Ńp(t) = Ńp(t0) e−λt , (5.8)
with t0 referring to time zero. The number of daughter nuclei at time t is:
Ńd(t) = Ńd(t0) − [Ńp(t0) − Ńp(t)] . (5.9)
Combining eqs. (5.8) and (5.9) leads to eq. (5.10). Equation (5.11) calculates the required
parameter: time.
Ńd(t) = Ńd(t0) + Ńp(t) (eλt − 1) (5.10)
t = 1λ ln {1 + [(Ńd(t) − Ńd(t0))/Ńp(t)]} . (5.11)
It requires the measurement of the concentrations of parent and daughter at time t,
usually at present. Moreover, some assumptions are needed for the concentration of
the daughter at time zero. It should be added that dating requires that the system re-
mained “closed” during the timewindow to be dated, hence without any geochemical
processes that might inﬂuence the parent and/or daughter nuclide.
5.4.1 Dating with the natural transformation series
The parent|daughter systems considered are 238U | 206Pb (t½238U = 4.468 ⋅ 109 a),
235U | 207Pb (t½235U = 7.038 ⋅ 108 a), and 232Th | 208Pb (t½232Th = 1.405 ⋅ 1010 a). It is
assumed that the intermediate transformation products between radioactive parent
and stable daughter are too short-lived to be of importance for the dating applica-
tion.¹⁴Dating with the natural transformation series requires an assumption about
the concentration of the terminal daughters (i.e. 206,207,208Pb) at time zero.¹⁵ For deter-
14 It is interesting to note that the very ﬁrst application of dating with the natural transformation
series was not based on the systems listed above but on the fact that in the transformation seriesmany
α-particles are emitted, namely 8 α-particles in the transformation chains of 238U, 7 α-particles of 235U,
and 6 α-particles of 232Th, respectively. After having captured two electrons from the surroundings
these α-particles become stable helium atoms (4He). This means that the number of helium atoms in
a sample is correlated to the age. Based on this principle, Rutherford estimated the age of our Earth
from the concentration of helium in uranium ores to be about 0.5 ⋅ 109 years. This value turned out
to be roughly one order of magnitude too short which was later explained as being caused by partial
loss of helium during metamorphosis processes.
15 There is one stable isotope of lead, 204Pb, which is not formed as end product of any natural trans-
formation series. The natural isotopic composition of lead, not inﬂuenced by transformation from
uranium or thorium (named nonradiogenic composition) is 204Pb: 1.4%, 206Pb: 24.1%, 207Pb: 22.1%,
and 208Pb: 52.4%, respectively. The radiogenic contribution of 206Pb, 207Pb, or 208Pb in an ore can then
be determined bymeasuring the 204Pb concentration and subtracting the nonradiogenic contribution.
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mination of the concentration of lead isotopes mostly thermal ionization mass spec-
trometry (TIMS) is used. When needed, uranium and thorium are measured using
high-resolution inductively coupled plasma mass spectrometry (HR-ICP-MS).
In practical applications, usually two of the three transformation chains are
combined. This enables to check whether the system under study was indeed closed,
hence, has not been subjected to any geological processes that might have led to a
loss of lead, which is a volatile element. Such curves are called concordia.
Let us consider the two uranium transformation series and deﬁne R6 and R7 as
follows:
R6 = Ń(206Pb/204Pb)(t) − Ń(206Pb/204Pb)(t0)
Ń(238U/204Pb)(t) (5.12)
and
R7 = Ń(207Pb/204Pb)(t) − Ń(207Pb/204Pb)(t0)
Ń(235U/204Pb)(t) . (5.13)
Figure 5.16 shows the concordia as a plot of R6 against R7. If experimental results lie on
the line, then the systemwas closed. If the values are below the line then this indicates
loss of lead or a gain of uranium, and vice versa for data above the line. The numbers
listed along the lines represent the age in 109 years.
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Fig. 5.16: Concordia for R6 (eq. (5.12)) against R7 (eq. (5.13)) (Friedländer et al. 1981). The numbers
listed along the lines represent the age in 109 years.
It is also possible to date solely via the concentration ratio between 206Pb and 207Pb, if
the sample contains no natural (nonradiogenic) lead, meaning that the concentration
of 204Pb is zero. Taking eq. (5.10) and setting Ńd(t0) = 0 leads at time t to
Ń(206Pb/207Pb) = Ń(238U) (eλ(238U)t − 1)
Ń(235U) (eλ(235U)t − 1) . (5.14)
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With the natural isotopic composition of uranium (235U = 0.72% and 238U = 99.2745%,
i.e. Ń(238U)/Ń(235U) = 137.8), eq. (5.14) results in:
Ń(206Pb/207Pb) = 137.8 eλ(238U)t − 1
eλ(235U)t − 1 . (5.15)
This correlation is depicted in Fig. 5.17.
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Fig. 5.17: Dating based solely on 206Pb/207Pb for cases where the sample does not contain nonra-
diogenic lead (Friedländer et al. 1981).
If in a class of samples of identical age, e.g. meteorites of a given type, the concentra-
tion of lead isotopes 206Pb and 207Pb are measured relative to the nonradiogenic iso-
tope 204Pb for different subsamples, then a correlation is obtained named an isochron.
Ń(207Pb/204Pb)(t) − Ń(207Pb/204Pb)(t0)
Ń(206Pb/204Pb)(t) − Ń(206Pb/204Pb)(t0) =
Ń(235U) (eλ(235U)t − 1)
Ń(238U) (eλ(238U)t − 1)
= 1137.8 e
λ(235U)t − 1
eλ(238U)t − 1 .
(5.16)
An example of an isochronous dating for L-chondrites, a class of meteorites, is de-
picted in Fig. 5.18. All data on the isochronous correlation yield an age of 4.55 ⋅ 109
years, which is the age of our solar system.
5.4 Accumulation dating with a radioactive parent and a stable daughter | 159
90 
70 
50 
30 
10 
10 60 110 160 
20
7 P
b 
/ 2
04
Pb
 
206Pb / 204Pb 
type L chondrites 
Fig. 5.18: Isochronous dating of a meteorite. Applying eq. (5.16), the slope deﬁnes an age of
4.55 ⋅ 109 years (Manhes 1982).
5.4.2 87Rb | 87Sr system
87Rb transforms with a half-life of 4.8 ⋅ 1010 years into stable 87Sr. The measurement
of the two nuclides is usually made via mass spectrometry of 87Rb and of 87Sr/86Sr,
respectively. This requires a quantitative chemical separation of both elements from
aliquots of the same sample. The age then follows from:
(87Sr/86Sr)t = (87Sr/86Sr)0 + (87Rb/86Sr)t (eλt − 1) , (5.17)
with λ being the transformation constant of 87Rb.
While the concentration of stable 86Sr is of course constant at all times, the
concentration of stable 87Sr at time zero is not known. It may be deduced from an
isochronous plot, which includes a set of data from subsamples of the same object.
Figure 5.19 depicts the experimental data of 87Sr/86Sr plotted against 87Rb/85Sr for
a gneiss sample from Greenland. The value for (87Sr/86Sr)0 results from the intercept
of the isochronous linewith the ordinate, yielding for the example depicted in Fig. 5.19
the value 0.702. Applying eq. (5.17), the slope of the isochronous line represents one
age, in this case 3.66 ⋅ 109 years.
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Fig. 5.19: Example of isochronous dating of several subsamples from a piece of gneiss from Green-
land with the 87Rb|87Sr system. The slope of the line represents an age of (3.66 ± 0.09) ⋅ 109 a
(Moorbath 1972).
5.4.3 40K | 40Ar system
The dating is based on the 10.7% transformation branch of 40K into stable 40Ar.¹⁶ The
long half-life of 40K of 1.28 ⋅ 109 a makes this system ideal for dating igneous rocks,
lunar samples or meteorites, hence, very old objects of our solar system. Argon is an-
alyzed using a gas mass spectrometer after heating the sample to high temperatures
close to the melting point. 40K is usually analyzed from an aliquot of the sample us-
ing atomic mass spectrometry (AAS) or ICP-MS. As for the 87Sr | 87Rb system, it is very
important to know the yield of the chemical separation of both elements with high
accuracy. Analogous to eq. (5.17), the equation is:
(40Ar/36Ar)t = (40Ar/36Ar)0 + f(40K/36Ar)t (eλt − 1) , (5.18)
where f represents the branching ratio of 10.7% in the transformation of 40K. The 36Ar
concentration is constant as a function of time and therefore used as reference. The
value for (40Ar/36Ar)0 can be determined from an isochronous plot at intercept with
the ordinate at 40K/36Ar value at zero.
16 Themore abundant branch, namely the 89.3% of 40K transforming to 40Ca is of little practical use,
since calcium is very abundant and the isotope 40Ca has a natural abundance of 96.4%. Hence, the
very little additional 40Ca formed via transformation of 40K can hardly be distinguished from the vast
amount of natural 40Ca.
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5.4.4 39Ar | 40Ar system
As for the 87Sr | 87Rbmethod, the drawback of the system 40K | 40Ar lies in the fact that
measurements have to be made on different aliquots of the sample since two different
elements have to be analyzed. This can result in erroneous ages, e.g. due to hetero-
geneity of the sample. In recent years, a modiﬁcation of the 40K | 40Ar method has
found widespread application: the 39Ar | 40Ar method. The dating range is identical
to the 40K | 40Ar method described above.
Radiogenic 39Ar is a short-lived nuclide and has a half-life of 269 years. In this
approach stable 39K is measured indirectly via 39Ar formed after neutron irradiation
in a research reactor in the reaction 39K(n,p)39Ar. The rock samples are then heated to
temperatures close to the melting point and released 39,40Ar is collected and is mea-
sured via gasmass spectrometry. Typical applications include, besides Earth sciences,
also age determinations of hominid fossils in Africa. In EthiopiaHerto homonidswere
datedwith thismethod at between 160000 and 154 000 years,making them the oldest
record of modern Homo sapiens.
5.5 Accumulation dating with a radioactive parent
and a radioactive daughter
This situation here refers to Fig. 5.2 (right part) and is met in natural transformation
series. Parent and daughter nuclides are from the same transformation series, but
are not the stable end products such as 206,207,208Pb. Two situations exist in reality.
First, at time zero the activity concentration of the daughter is zero – or negligible –
(called daughter deﬁcient situation, DD), but increases with time. Secondly, the activ-
ity concentration of the parent nuclide is negligibly small at all times, but the activity
concentration of the daughter increases with time (daughter excess situation, DE).
5.5.1 234U | 230Th system
These two nuclides from the 238U transformation series resemble the most important
example for DD-dating. The half-lives of 234U and 230Th are 2.455 ⋅ 105 years and
7.54 ⋅ 104 years, respectively. This limits the dating horizon to about 0.4 ⋅ 106 years.
The applications include solid objects formed in marine or terrestrial ﬂuorapa-
tites, carbonates such as corals or mollusks etc. Uranium is very soluble in water.¹⁷
Thorium on the other hand is fully hydrolyzed at typical marine pH conditions, very
insoluble and mostly adsorbed to solid particles contained in the water. These par-
17 Uranium exists in marine environment in form of [UO2+2 (CO3)3]4− ionic complexes which are very
soluble.
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ticles sediment to the ocean ﬂoor. Therefore, the concentration of dissolved thorium
in sea water is negligibly small. If objects such as e.g. stalactites in speleothems or
organisms that build a shell via carbonate formation (e.g. corals) in a marine envi-
ronment are formed, they will have a high concentration of uranium but are depleted
in thorium. Only via radioactive transformation of uranium is thorium then formed
in the solid objects. From the measurement of the activity concentration of 230Th the
time elapsed since formation may be deduced.
The situation refers to Fig. 5.4, being described speciﬁcally by
Ń230Th = Ń234U(1 − eλt) . (5.19)
λ is the transformation constant of 230Th, Ń230Th is the concentration at time t and Ń234U
is assumed to be independent of time for a given sample¹⁸. The reason is that 234U is
permanently formed via its parent 238U.
5.5.2 235U | 231Pa system
This couple of nuclides acts very similar to the system 234U | 230Th. As mentioned
above, uranium is verywater soluble. Protactinium,however, has a very lowsolubility.
In its predominantly pentavalent state it is similar to the tetravalent state of thorium
and very hygroscopic. The half-lives of the nuclides are for 231Pa 3.276 ⋅104 years and
for 235U 7.038 ⋅ 108 years. This limits the accessible dating interval to less than about
150 000 years.
5.5.3 222Rn | 226Ra system
This application represents the DD situation. In e.g. glacioﬂuvial¹⁹ deposits surface
water from rivers inﬁltrate into nearby groundwater. The inﬁltration velocity of such
surface water into the groundwater is an important parameter for hydrological mod-
eling. This process may be traced using the noble gas isotope 222Rn (t½ = 3.8 d) being
generated from 226Ra (t½ = 1600 a), a member of the 238U transformation series.
The activity concentration of 222Rn is very low in surface water due to outgassing into
18 For objects to be dated the condition of a closed system is not always met. Many samples such
as bones or mollusks may experience some uranium uptake after formation. This inﬂuences the age
deduced from eq. (5.12). Another possible source of error may come from the fact that activity concen-
tration of the daughter 230Th at time zero is not negligible. If e.g. the sample has some intrusions from
geological materials, then this contamination contains the natural transformation series, especially
234,238U. The measured 230Th activity concentration then needs to be corrected for this contribution.
19 Retreatingglaciers from the last ice age leftmanydeposits in theSwissmidlandsof several hundred
meter thickness.
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the atmosphere, hence there is no equilibrium between its precursor 226Ra and 222Rn.
This reﬂects the daughter-deﬁcient situation at time zero. This is not the case in the
adjacent soil acting as bed of the groundwater. Here, secular equilibrium exists be-
tween the members of the natural transformation series. By measuring the increase
of the 222Rn activity concentration as a function of the distance from the river into the
groundwater body, inﬁltration velocities may be deduced. Such an example is shown
in Fig. 5.20, which yielded a mean groundwater ﬂow velocity of 5m per day.
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Fig. 5.20: Example of 222Rn dating in hydrology. Upper part: cross section of the river (Glatt,
Switzerland) with the locations of the boreholes (G1 to G5) to sample groundwater. Lower part:
222Rn activity measured in water samples extracted from the boreholes (von Gunten 1995).
5.6 Dating with nuclides emitted during nuclear weapons testing
and nuclear accidents
On several occasions, manmade radionuclides have been emitted into the envi-
ronment. These events may be used as dating horizons if stored in environmental
archives. One of the most important emission sources were the aboveground²⁰ nu-
clear weapons testing series conducted by USA and Soviet Union. Many radionuclides
such as ﬁssion products, bomb material or secondary products from interaction with
20 “Aboveground” nuclear tests in contrast to “underground” tests.
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neutrons were emitted into the atmosphere. In the late 1950s such tests were per-
formed by USA in the Bikini Atoll that led to activation of sea-salt particles contained
in the plume of the explosion. Figure 5.21 depicts some typical debris isolated from the
ice of a glacier in Switzerland. It includes material from the bomb itself such as 239Pu
(t½ = 2.41⋅105 a), products formed innuclear ﬁssion suchas 137Cs (t½ = 30.2 a), acti-
vated (by the enormous intensity of neutrons) sea-salt aerosol particles such as 36Cl
(t½ = 3.0 ⋅ 106 a) from the early tests over the Bikini Atoll, and tritium (t½ = 12.3 a),
which was formed in the hydrogen bombs also via interaction with neutrons. These
nuclides were largely injected into the stratosphere from where they returned into
the troposphere within several years. For the ﬁssion product 137Cs, the emission into
the European atmosphere caused by the Chernobyl accident in April 1986 is also
observed. In this case, however, the transport occurred within the troposphere. These
stratigraphic radioactive horizons are also often found in other archives such as e.g.
lake sediments (see 137Cs in Fig. 5.11 in Section 5.3.2).
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Fig. 5.21: Radionuclides detected in ice cores from glaciers in Siberia (Belukha, Russia, 239Pu) and
from the Alps (Grenzgletscher, Switzerland, 137Cs, 36Cl, 3H) that can be assigned to nuclear weapons
testing in the late 1950s and early 1960s and to the Chernobyl accident in 1986 (activities in units of
Bq/l or TU (1 TU = 0.18mBq/l)) (Olivier 2004 (upper part); Eichler 2000 (lower part)).
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5.7 Fission tracks
238U is ubiquitous in nature. The average concentration in the Earth’s crust is 5 ppm.
238U mostly transforms via α-emission and to a much lesser extent by spontaneous
ﬁssion (sf).²¹ Primary ﬁssion fragments have very high kinetic energies and there-
fore damage the surrounding matrix leading to tracks. These so-called latent ﬁssion
tracks have a length of typically 10 to 20 µm. These tracks become visible by chemical
etching, cf. Chapter 2, and can be counted using amicroscope. From the number of ob-
served ﬁssion tracks and knowing the concentration of 238U, the age may be inferred
based on the known half-life of 238U. Best suited for determination of the 238U concen-
tration is to measure 235U via thermal neutron induced ﬁssion. 235U has an abundance
in natural uranium of 0.7%. The procedure then goes as follows: ﬁrst the sample is
etched and the number of ﬁssion tracks from 238U is determined. Then the sample is
irradiated at a research reactor with thermal neutrons that initiate induced ﬁssion (if)
of 235U. The additionally formed ﬁssion tracks are again etched and counted. From the
added number of new ﬁssion tracks and the natural abundance the concentration of
238U can be inferred. This leads to the age ∆t of a sample according to:
∆t = 1λ (238U) ln{1 + [1.61 ⋅ 104 D(sf)D(n,if) δ(n,if) Φn tirr]} (5.20)
with D(sf) and D(n,if) being the ﬁssion track densities from 238U and from 235U in the
sample, respectively, δ(n,if) the cross section for thermal neutron induced ﬁssion of
235U (= 5.86 ⋅ 10−22 cm2), Φn the ﬂux of thermal neutrons in n cm−2 s−1, and tirr the
irradiation time.
One major drawback in ﬁssion track dating is annealing. In the course of time
some tracks may fade away due to thermal processes or due to ion diffusion. This may
lead to narrower and shorter tracks. As a consequence, underestimated ages may re-
sult. Annealing depends greatly on the material. Zircon or titanite are inﬂuenced very
little by annealing, while e.g. apatite is much less stable.
Fission track dating has been successfully applied in dating of tephra and ob-
sidian from volcanic eruptions for up to several hundred millennia. It was e.g. pos-
sible to date tephra in the lee of the Andes (Rio Grande Valley) to have an age of
225 000 ± 25 000 years (Espizua 2002).
5.8 Thermoluminescence dating
Soil or rock usually contain radionuclides such as isotopes of uranium, thorium,
potassium etc. The emitted radiation in the material forms ion-electron pairs. Often,
these electrons are trapped in structural defects of crystal lattices and can then be
21 Cf. Chapter 10 in Vol. I. The probability for sf in 238U is only 4.5 ⋅ 10−5 %.
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released in the laboratory via controlled heating. As a consequence, light signals are
observed. Loosely bound electrons lead to light pulses at heating temperature of about
100 °C, while highly bound electrons need heating temperatures in excess of 500 °C to
ignite light emission. Photon detection is usually plotted against the heating temper-
ature (glow curve), in which peaks reﬂect the various electron trap conﬁgurations in
the material. It turned out that high temperature thermoluminescence is proportional
to the irradiation dose of the material. The age of a sample can then be determined
from the known natural dose per year in the sample. However, the energy deposited
in the material is strongly dependent on the nature of radioactivity: α-particles have
a high LET (linear energy transfer) value, but on a short distance of typically some 20
to 50 µm, while β-particles are stopped with a much lower LET value within a range
of several mm. Gamma rays, ﬁnally, have very few interactions and as a consequence
very long stopping ranges. This means that for each type of irradiation a calibration
is required for the dose to light emission relationship. In addition, the linearity in this
relationship is limited: for e.g. quartz, saturation of the light emission is observed
at 100–500 Gray (Gy), while calcite saturates at a much higher dose of about 3 kGy.
To conclude, thermoluminescence dating should be applied with a certain degree of
caution and, if possible, veriﬁed with some other dating options. In real applications,
thermoluminescence dating turned out to be suited for the time window between 14C
and 40K | 40Ar dating.
5.9 Outlook
Nuclear dating has found widespread application in many ﬁelds of science. The time
range that may be analyzed is huge: it covers hours to billions of years. However, nu-
clear dating verymuch depends on the known accuracy of the half-life of the radionu-
clides involved. Some environmental radionuclides still have poorly known half-lives
that need further improvement. One example mentioned in this chapter is 32Si. Pub-
lished values range from about 100 to 170 years, which prevents application of this
nuclide for dating purposes. Another example is 60Fe (not mentioned in this chapter).
Its half-life was published to be 1.5 ⋅ 106 a. Recently, it was re-measured and the new
value is now 2.6 ⋅ 106 a (Rugel 2009).
One drawback in nuclear dating is the analytical challenge: usually the samples
to be dated contain only tiny amounts of the radionuclide that serves as a “clock” to
determine the age. Earlier, the determination of such radionuclides occurred mostly
via radiometric techniques. Recently, thanks to technological progress, mass spec-
trometry has gained increased importance due to considerably improved sensitivity.
This made it possible to measure e.g. radionuclides with half-lives greater than about
100 years in environmental samples with accelerator mass spectrometry (AMS) down
to a level of less than 106 atoms.
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The “workhorse” in nuclear dating is still radiocarbon, 14C. This situation will
probably remain so in the future, simply becausemany objects to be analyzed contain
carbon. Hence, many laboratories have recently ordered miniaturized AMS devices,
now available on the market, that are fully dedicated to measure radiocarbon with
supreme sensitivity and accuracy.
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